The mechanisms governing maintenance of quiescence during pregnancy remain largely unknown. The current study characterizes a stretch-activated, tetraethylammoniuminsensitive K ϩ current in smooth muscle cells isolated from pregnant human myometrium. This study hypothesizes that these K ϩ currents can be attributed to TREK-1 and that upregulation of this channel during pregnancy assists with the maintenance of a negative cell membrane potential, conceivably contributing to uterine quiescence until full term. The results of this study demonstrate that, in pregnant human myometrial cells, outward currents at 80 mV increased from 4.8 Ϯ 1.5 to 19.4 Ϯ 7.5 pA/pF and from 3.0 Ϯ 0.8 to 11.8 Ϯ 2.7 pA/pF with application of arachidonic acid (AA) and NaHCO 3, respectively, causing intracellular acidification. Similarly, outward currents were inhibited following application of 10 M fluphenazine by 51.2 Ϯ 9.8% after activation by AA and by 73.9 Ϯ 4.2% after activation by NaHCO3. In human embryonic kidney (HEK-293) cells stably expressing TREK-1, outward currents at 80 mV increased from 91.0 Ϯ 23.8 to 247.5 Ϯ 73.3 pA/pF and from 34.8 Ϯ 8.9 to 218.6 Ϯ 45.0 pA/pF with application of AA and NaHCO3, respectively. Correspondingly, outward currents were inhibited 89.5 Ϯ 2.3% by 10 M fluphenazine following activation by AA and by 91.6 Ϯ 3.4% following activation by NaHCO3. Moreover, currents in human myometrial cells were activated by stretch and were reduced by transfection with small interfering RNA or extracellular acidification. Understanding gestational regulation of expression and gating of TREK-1 channels could be important in determining appropriate maintenance of uterine quiescence during pregnancy.
PREMATURE BIRTH IS THE LEADING cause of death for newborns worldwide (7) , accounts for 12% of all live births in the United States, appears to be increasing in frequency (29, 47) , and disproportionately impacts African American mothers (42) . Despite decades of interest, the majority of cases of preterm labor are unexplained, and no US Food and Drug Administration-approved tocolytic is available to prevent uterine contractions at the time of labor. Moreover, there is no satisfactory animal model in which to propose studies of spontaneous preterm labor mechanisms, since there is no animal that naturally experiences this uniquely human problem, notwithstanding the recent description of preterm delivery in mice harboring a p53 knockout (33) . The Institute of Medicine estimated the cost to the US economy at a staggering $26.2 billion annually in 2005 (17) . There is a pressing need to learn more about the mechanisms that normally keep the uterus quiescent during gestation until full term and to gain understanding of the mechanisms involved in normal and abnormal transitioning from the quiescent to the laboring state. Understanding the mechanisms responsible for maintenance of quiescence and possible dysregulation in some patients could yield novel insights into screening, diagnosis, and treatment of preterm labor, thereby reducing the significant impacts of preterm birth.
Multiple K ϩ channel subtypes have been reported to contribute to uterine function, and several of these channels have been proposed to facilitate uterine quiescence to full term during pregnancy. Large-conductance K ϩ , or BK Ca , channels are the predominant K ϩ channels in pregnant and nonpregnant myometrium (28) . These BK Ca channels are voltage-and Ca 2ϩ -sensitive and have been described to have a profound effect on myometrial relaxation during midgestation in rodents. BK Ca channels have been extensively studied in myometrium because of their relatively high density and the significant repolarizing current induced by the considerable ϳ200-to 300-pS conductance of these channels (10) . Another category of ion channels, voltage-gated K ϩ (K v ) channels, are widely expressed in uterine smooth muscle cells, and their activation has been reported to contribute to basal uterine tone prior to labor (36) . K v channels appear to have an integral role in controlling basal rhythmicity in rat myometrium that is unaffected by inhibition of BK Ca channels (1) . Electrophysiological measurements have identified two principal K v currents in human myometrium: rapidly inactivating and delayed rectifying currents (37, 64) . A role for K v channels in uterine contraction has been suggested on the basis of differential responsiveness of pregnant and nonpregnant mouse myometrium to the potent K v channel blockers 4-aminopyridine and phrixotoxin-2 (59) . Among K v channels, the K v 4 subfamily has been hypothesized to play the most predominant role during pregnancy and parturition (10) , and a significant reduction in K v 4.3 ␣-subunit expression was observed in full-term-pregnant mouse myometrium (59) . K v 7 channels, which are encoded by the KCNQ and KCNE genes, have been reported in murine and human pregnant myometrium and could represent a novel target for tocolytics (44) . K v 10.1 channels, encoded by the KCNH1 gene, are reported to be regulated as a precursor to late-pregnancy physiological activity in conjunction with upregulation of KCNE gene expression (30) . ATP-sensitive inward rectifying K ϩ (K ATP ) channels have been implicated in myometrial relaxation (10) . Transcripts of the predominant isoform of the K ATP channel in myometrium, Kir6.1/SUR2B, were found to be downregulated late in pregnancy, representing a possible contributing mechanism to the onset of labor (19) . Another K ATP channel in rat uterus, Kir1.1/ROMK1, has been shown to undergo dynamic gestational changes at the transcript level, arguing for a role in contractile quiescence of the gravid uterus (40) . Small-conductance Ca 2ϩ -sensitive and voltage-insensitive K ϩ (SK) channels have also been discovered in myometrium. SK channels have been proposed to contribute to regulation of uterine contractility by decreasing influx through L-type Ca 2ϩ channels and inhibiting the generation of contractions (11) . Transgenic mice that overexpressed isoform 3 of small-conductance Ca 2ϩ -sensitive K ϩ (SK3 Ca ) channels demonstrate a phenotype that may result in inadequate contractions during labor, supporting the hypothesis that SK channels are regulators of myometrial contractility (9) . Additionally, SK3 Ca gene expression is known to be downregulated at full term in human myometrium (43) . Although several distinct classes of K ϩ channels have been discovered in myometrium, the role of two-pore domain K ϩ channels has yet to be fully elucidated following the discovery of their presence in myometrium.
TREK-1 has recently been shown to be expressed in human myometrium (5, 13, 62) in a manner that is regulated by gestation, with higher expression in pregnant than nonpregnant human myometrium (13) . Interestingly, TREK-1 protein expression was reduced in preterm laboring human myometrium (13) , consistent with the hypothesis that TREK-1 participates in uterine quiescence during gestation. The role of TREK-1 has yet to be fully defined; however, activation of this outwardly rectifying K ϩ channel aids in cell hyperpolarization and, therefore, decreases myometrial excitability. It was found that treatment of immortalized pregnant human myometrial cells with the potent TREK-1 activator arachidonic acid (AA) increased channel activity, thereby decreasing excitability, an effect that was blocked by fluphenazine and methionine derivatives, known inhibitors of TREK-1 channels (6, 13) .
TREK-1 is a member of the two-pore-domain background K ϩ channel protein family and is encoded by the KCNK2 gene (39) . Unlike other K ϩ channels such as TASK-1 and TASK-3, which remain open at rest, opening of TREK-1 requires a chemical or mechanical stimulus (20) . TREK-1 channels are particularly abundant in heart, brain, and neurons and are thought to be critical to many physiological processes. The pharmacological profile of TREK-1 is unique, in that it is insensitive to tetraethylammonium (TEA) and other classic blockers of one-pore domain K ϩ channels, while it demonstrates inhibition by selective serotonin reuptake inhibitors (26, 34) . Also of pharmacological significance is the finding that TREK-1 is opened by the volatile anesthetics, such as chloroform and isoflurane (52) . TREK-1 displays dose-dependent inhibition by antipsychotic drugs, such as haloperidol, fluphenazine, and chlorpromazine, a characteristic unique to TREK-1 compared with TRAAK, another two-pore domain background K ϩ channel (60) in human myometrium (13) . In mice, deletion of the KCNK2 gene results in a depressionresistant phenotype (31) . Researchers have determined that TREK-1-knockout mice are more sensitive to low-threshold mechanical stimuli and also display an increase in thermal and mechanical responses to pain (2) . In the vascular system, TREK-1 plays an important role in cutaneous endotheliumdependent vasodilation (50) .
The aim of the present study was to characterize a membrane current that could help explain the regulation of human myometrial excitability (13) and provide a basis for examining the role of TREK-1 variants discovered in preterm laboring patients (67) . Here, using patch-clamp electrophysiology, we report the presence of a TEA-insensitive K ϩ current that demonstrates characteristics unique to TREK-1 in cells isolated from pregnant human myometrium. Understanding TREK-1-mediated K ϩ movement may lead to a better mechanistic understanding of uterine smooth muscle cell contraction/relaxation and provide a novel therapeutic target. TREK-1 could significantly impact smooth muscle relaxation, as well as the induction of labor, since TREK-1 gene variants are known to be correlated with patients who deliver spontaneously preterm (67) . Our results expand previous investigations that have described the presence and gestational regulation of TREK-1 in human myometrium by providing evidence that supports a role for TREK-1 currents in uterine quiescence until full term in human pregnancy.
MATERIALS AND METHODS
Pregnant human uterine smooth muscle cells. With informed consent obtained in writing and approval from the Biomedical Institutional Review Board at the University of Nevada, Reno, samples of near-term-pregnant (nonlaboring) uterine tissue from the superior aspect of the incision were obtained from women undergoing cesarean section. Women were selected on the basis of the surgery schedule when a clinical decision was made to deliver a normal-term pregnancy by cesarean section. Exclusion criteria were as follows: patient Ͻ21 yr of age, multiple pregnancy, known illicit drug use, or HIV or hepatitis C infection. Within 20 min of their removal, fresh tissue samples were transported to the laboratory in cold physiological buffer containing (in mM) 120 NaCl, 5 KCl, 0.587 KH 2PO4, 0.589 Na2HPO4, 2.5 MgCl2, 20 dextrose, 2.5 CaCl2, 25 Tris, and 5 NaHCO3, with pH adjusted to 7.4. Uterine smooth muscle (myometrium) was dissected under the microscope from tissue samples and prepared as thin strips (2 ϫ 2 ϫ 8 mm) devoid of blood vessels in a modified Krebs-HEPESbuffered solution (in mM: 118 NaCl, 4.75 KCl, 1.2 KH 2PO4, 0.25 NaHCO3, 1.2 MgSO4, 20 dextrose, and 25 Na-HEPES, with pH adjusted to 7.4). Minced tissue underwent three 30-min incubation periods in a 50-ml conical tube containing 2 mg/ml collagenase type II and 1 mg/ml trypsin at 37°C. Each successive supernatant was collected in growth medium with 10% FBS and antibiotics [penicillin (60 g/ml), streptomycin (100 g/ml), and amphotericin B (Fungizone, 5 g/ml)], at pH 7.4, with trypsin inhibitor (1 mg/ml). Cells were centrifuged at 400 g, resuspended in Dulbecco's growth medium containing 10% steroid-free FBS (FBS SF) with estrogen (15 ng/ml)-progesterone (200 ng/ml) to mimic third-trimester human pregnant plasma concentrations, and plated on tissue culture dishes. For freshly isolated patch-clamp studies, the cells were immediately plated on glass coverslips coated with type I collagen from rat tail (Sigma) and employed in electrophysiological experiments within 8 -12 h. Other cells were grown through passage 5 in primary culture and combined in equal numbers from three Caucasian donors at full term (24 -29 yr) and telomerized to establish a pregnant myometrial cell model.
Immortalization of myometrial smooth muscle cells. Myometrial cells in the combined culture were infected after one passage with a retroviral vector encoding the human telomerase reverse transcriptase (hTRT) gene. A plasmid (pGRN145) containing hTRT cDNA expression vector was a gift from Geron (Menlo Park, CA). The hTRT expression cassette was cloned into pLXIN (Clontech), and replication-incompetent Moloney murine leukemia virus retrovirus was generated in HEK-293 retroviral packaging cells. Primary and firstpassage cultures of human uterine muscle cells were infected with the hTRT retrovirus and selected with 100 mg/ml G418 for 1 wk. Expression of hTRT was verified in immortalized cells by RT-PCR using telomerase-specific primers. For all experiments, myocytes grown on uncoated glass coverslips in DMEM supplemented with 50 U/ml streptomycin, 50 g/ml penicillin, estrogen (15 ng/ml)-progesterone (200 ng/ml), and 10% FBS SF were used. Immortalized cells have been developed in a similar fashion by others (18) . Our cells express smooth muscle actin, thin filament proteins such as caldes-mon, oxytocin receptors, and proteins such as myosin phosphatase isozymes that are expressed in human uterine smooth muscle (not shown). The contractile state of the immortalized myometrial smooth muscle cells in culture has not been determined.
Patch-clamp techniques. Cells were plated on glass coverslips 4 -48 h before experiments and placed in a chamber mounted on top of an inverted microscope for recording, and currents typically were recorded in the standard whole cell variant of voltage clamp using pCLAMP software (version 9.2, Axon Instruments/Molecular Devices, Sunnyvale, CA). Currents were amplified with an Axopatch 200B amplifier (Axon Instruments/Molecular Devices), digitized using a computer interfaced with a Digi-Data 1322A acquisition system (Axon Instruments/Molecular Devices), and filtered at 1 kHz and digitized at 2 kHz for whole cell recording and filtered at 1 kHz and digitized at 4 kHz for inside-out patch recordings. The standard external solution contained (in mM) 140 NaCl, 5.4 KCl, 1.8 CaCl 2, 10 HEPES, 1 MgCl 2, and 2 TEA, with pH adjusted to 7.4 with NaOH and osmolarity adjusted to 310 mosmol/l with D-mannitol (measured with a model 3320 osmometer, Advanced Instruments, Norwood, MA). The standard pipette solution contained (in mM) 140 KCl, 3 K 2ATP, 0.2 NaGTP, 5 HEPES, 1 MgCl 2, and 10 BAPTA (to minimize BKCa currents), with pH adjusted to 7.4 with KOH and osmolarity adjusted to 310 mosmol/l with D-mannitol as needed. Solutions were delivered by gravity through a manifold perfusion system. Pipettes were made of borosilicate glass (Sutter Instrument, Novato, CA) pulled on a two-stage vertical puller (model pp-83, Narishige International USA, East Meadow, NY) and had a resistance of 2-4 m⍀ when filled with standard pipette solution. Cell capacitance and series resistance were measured using the membrane test feature of pCLAMP. Series resistance was then compensated ϳ70%. Cell capacitance was later used for normalization of whole cell current to capacitance to yield current density (pA/pF) for each cell. Whole cell currents were monitored by running a pulse-ramp protocol every 15 s, with stepping to ϩ80 mV for 100 ms, ramping from ϩ80 to Ϫ80 mV over 1 s, and finally stepping to Ϫ80 mV for 100 ms. For experiments employing AA, cells were held at Ϫ80 mV between pulse-ramp protocols (45) . For all other whole cell experiments, cells were held at 0 mV between pulse-ramp protocols. For inside-out patch experiments, the pipette was filled with standard (5 mM KCl) bath solution containing 2 mM TEA, 100 M DIDS, and 100 M GdCl3 to block voltage-gated K ϩ , Cl Ϫ , and nonselective cation channels, respectively. The bath solution for inside-out experiments contained (in mM) 140 KCl, 1 EGTA, 5 HEPES, 1 MgCl2, 2 TEA, and 5 4-aminopyridine, with pH adjusted to 7.4 with KOH and osmolarity of 310 mosmol/l. Negative pressure was applied via pipette suction. Suction was measured using a pressure transducer calibrated to mmHg. Currents were digitized at 4 kHz and filtered at 1 kHz. Channel activity was measured by taking the mean value of current of ϳ10 s of recording and subtracting the mean value of baseline current (current when no channels were open).
Polymerase chain reaction. Total RNA was extracted from hTRT pregnant human myometrial cells scraped from three 100-mm dishes in TRIzol (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol and resuspended in 30 l of nuclease-free H2O. DNA contamination was removed by treatment at 37°C with 10 U of RNase-free DNase I (Promega, Madison, WI). DNase was inactivated by addition of 25 mM EDTA with heating at 55°C for 10 min. cDNA was synthesized from 1 g of total RNA using 250 ng of random primers (Invitrogen), 0.125 mM each dNTPs, 10 mM DTT, and 200 U of SuperScript II reverse transcriptase (Invitrogen). Gene-specific primers for human TREK-1 (13) were designed from areas of high homology using Primer Quest software (Integrated DNA Technologies, Coralville, IA). Basic local alignment search tool (BLAST) searches were performed to confirm that primer sequences had no homology with any other known gene products, and transcripts were sequenced for product identity.
␤-Actin primers were designed to amplify genomic (750 bp), as well as nongenomic (500 bp), products to control for genomic DNA contamination, while nontemplate controls ensured the integrity of the PCR. PCR amplification within the linear range was carried out as recently described (67) .
Western blotting. Stable TREK-1, HEK-293, and human TREK-1 (hTREK-1) small interfering RNA (siRNA)-transfected pregnant human uterine smooth muscle cell (pHUSMC) and nonsilencing negative control pHUSMC were grown to 80% confluence in 100-mm 2 dishes and then washed with ice-cold PBS. Total protein was extracted and processed for Western blotting using standard methods, as recently described (12) .
Cloning of human TREK-1. Human TREK-1 (GenBank accession no. NM_001017424.2) gene was generated from total human myometrial RNA isolated from 2-5 mg of pregnant myometrial homogenate, as described elsewhere (67) .
Development of stable TREK-1-transfected HEK-293 and hTREK-1 siRNA-transfected pHUSMC cell lines. The TREK-1 cDNA was inserted into the lentiviral vector pCDH-CMV-GFP by restriction cloning from pcDNA 3.1V5-His. Green fluorescent protein (GFP) with elongation factor-1 promoter on the vector was chosen as an indicator for efficiency of infection and TREK-1 expression in the cell. Replication-incompetent lentivirus was generated in HEK-293 cell lines with pPACKH1 Lentivector Packaging Kit for packaging HIV-based lentivector expression constructs (System Biosciences, Mountain View, CA). HEK-293 cells were infected with the TREK-1 lentivirus and selected with 2 g/ml puromycin for 2 wk. Expression of TREK-1 was verified in immortalized cells by Western blotting. The lentiviral shRNAmir clone targeting hTREK-1 (NM_001017424.2, Thermo Scientific, Rockford, IL) sequence was confirmed by the Nevada Genomics Center. Lentivirus was packaged in HEK-293FT cells transfected with 10 g second-generation packaging mix (Applied Biological Material, Richmond, BC, Canada) and 10 g of the shRNAmir lentiviral clone using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The infected pHUSMC were selected with 2 g/ml puromycin, and GFP on pGIPZ vector was the visual indicator. Decreases in TREK-1 expression were verified in immortalized cells by Western blotting.
Statistics. Values are means Ϯ SE. All data were normally distributed. We calculated the number of observations needed to meet 95% power to reject the null hypothesis. Student's t-tests were used to compare mean values. Paired tests were used when both conditions were measured on the same cell. Unpaired tests were used when conditions were measured on different cells. One-tailed tests were used when the direction of changes was hypothesized. P Ͻ 0.05 was considered statistically significant.
RESULTS

TEA-insensitive K
ϩ current in freshly isolated myocytes. To investigate channel properties under conditions that most closely resemble the physiological environment in which we hypothesize a role for TREK-1, whole cell recordings were performed in myocytes freshly isolated from pregnant and nonpregnant subjects. In freshly isolated myocytes from pregnant subjects, we observed an outwardly rectifying TEA-insensitive current that could be activated by AA (n ϭ 4; Fig. 1 ). Moreover, in freshly isolated myocytes from nonpregnant women, AA could not stimulate the same channel activity. Only a small residual outward basal current was detectable in pregnant myocytes in the presence of TEA. The AA-induced current was consistent with the properties of the TEA-insensitive K ϩ channel TREK-1, displaying outwardly rectifying properties, voltage-dependent activation, and lack of inactivation at positive potentials.
Expression of hTREK-1 in pHUSMC and HEK293-hTREK-1 cells. hTREK-1 expression was verified in telomerized pHUSMC by PCR (Fig. 2, top) and Western blotting (Fig. 2, bottom) . These results are consistent with previously published results (5, 13, 62) demonstrating the expression of TREK-1 in human myometrium. Expression of hTREK-1 was similar before and after telomerization of primary cultured pHUSMC, as determined by PCR (Fig. 2,  top) and similar to expression in human myometrial tissue (data not shown). Stable expression of siRNA targeting hTREK-1 in telomerized pHUSMC resulted in a decrease in hTREK-1 expression of 73% compared with wild-type telomerized pHUSMC (Fig. 2, bottom left) . For comparisons with the currents found in native myocytes and telomerized pHUSMC under similar conditions, hTREK-1 was cloned from pregnant human myometrium and stably overexpressed in HEK-293 (HEK293-hTREK-1) cells. Expression of myometrial hTREK-1 in HEK293-hTREK-1 cells was also verified by Western blotting (Fig. 2, bottom right) .
AA activates TEA-insensitive K ϩ current in pHUSMC and HEK-hTREK-1 cells. TREK-1 K ϩ channels have been shown to be activated by AA (14, 45, 48) and to be largely insensitive to the classical K ϩ channel blocker TEA (53) . To test for the presence of an AA-activated and TEA-insensitive K ϩ current in pHUSMC, AA (10 M) was applied during recording of whole cell currents in pHUSMC and HEK293-hTREK-1 cells in the presence of TEA (2 mM). Application of AA resulted in a significant increase in outward current at ϩ80 mV, from 4.8 Ϯ 1.5 to 19.4 Ϯ 7.5 pA/pF (ϳ4 fold) in pHUSMC (n ϭ 7) and from 91.0 Ϯ 23.8 to 247.5 Ϯ 73.3 pA/pF (ϳ3-fold) in HEK293-hTREK-1 cells (n ϭ 6), that was reversible upon washout (Fig. 3) . (Fig. 3B ) in both cell types, indicating that a large portion of the current was carried by K ϩ . The AA-activated current in both cell types showed outward rectification in physiological K ϩ , slight outward rectification in symmetrical K ϩ , time-dependent activation at more positive membrane potentials, lack of inactivation, and a flickering appearance. All these properties have been previously reported for TREK-1. These data demonstrate the presence of a TEA-insensitive K ϩ current activated by AA in pHUSMC and HEK293-hTREK-1 cells with properties similar to those previously reported for TREK-1 channels (14, 45) . Importantly, in response to AA, freshly isolated myocytes, pHUSMC, and HEK293-hTREK-1 cells demonstrated similar current activation.
Intracellular acidification activates TEA-insensitive K ϩ current in pHUSMC and HEK293-hTREK-1 cells. AA has been shown to activate several two-pore K ϩ channels, including TREK-1, TREK-2, and TRAAK (27, 35, 45) . In addition to TREK-1, TRAAK expression has also been demonstrated in human myometrium, while expression of TREK-2 is absent, and no gestational regulation of TRAAK channels was found (13) . Intracellular acidification has been shown to activate TREK-1, but not TRAAK, currents (41) . The ability of intracellular acidification to activate TEA-insensitive K ϩ currents in pHUSMC was thus tested by measuring whole cell currents in the presence of TEA (2 mM) under two recording conditions resulting in intracellular acidification: 1) after exchange of 90 mM NaCl for 90 mM NaHCO 3 in the bath solution (41) and 2) after adjustment of the pipette solution from pH 7.4 to pH 6 (46) . Both approaches yielded an increase in outward current in pHUSMC and HEK293-hTREK-1 cells that resulted in a shift in current reversal potential toward that for K ϩ . Intracellular acidification by NaHCO 3 yielded an increase in outward current at ϩ80 mV from 3.0 Ϯ 0.8 to 11.8 Ϯ 2.7 pA/pF (ϳ4-fold) in pHUSMC (n ϭ 4) and from 34.8 Ϯ 8.9 to 218.6 Ϯ 45.0 pA/pF (ϳ6-fold) in HEK293-hTREK-1 cells (n ϭ 8) that was reversible on return to standard bath solution (Fig. 4) . NaHCO 3 bath solutions also shifted the reversal potential toward that predicted for K ϩ (ϳϪ85 mV), with a shift from 0.5 Ϯ 6.0 mV in standard solution to Ϫ40.6 Ϯ 3.0 mV in 90 mM NaHCO 3 bath solution in pHUSMC (n ϭ 4) and Intracellular acidification using pH 6 pipette solutions resulted in activation of an outward current that typically took 5-10 min after membrane rupture to reach a maximal steady state. Acidification by a pH 6 pipette solution resulted in significantly higher outward currents in pHUSMC 10 min after membrane rupture (16.9 Ϯ 3.2 pA/pF, n ϭ 5) compared with pH 7.4 pipette solutions at the same time point (2.5 Ϯ 0.7 pA/pF, n ϭ 5; Fig. 5 ). A similar increase was seen in HEK293-hTREK-1 cells 10 min after membrane rupture with pH 6 pipette solution: 83.2 Ϯ 13.8 (n ϭ 8) vs. 30.9 Ϯ 20.7 pA/pF (n ϭ 4) in pH 7.4 pipette solution. Intracellular acidification by pH 6 pipette solution also resulted in a negative shift in current reversal potential toward that predicted for K ϩ (ca. Ϫ85 mV) in Fig. 3 . AA activates a TEA-insensitive K ϩ current in pHUSMC and HEK293-hTREK-1 cells. A: time course of whole cell voltage-clamp recording from pHUSMC and HEK293-hTREK-1 cells at ϩ80 and Ϫ80 mV showing reversible activation of outward current by AA (10 M). B: representative whole cell current density traces in response to voltage ramps from ϩ80 to Ϫ80 mV before treatment (initial) and in the presence of AA in standard and high-K ϩ bath solutions in pHUSMC and HEK293-hTREK-1 cells. C: mean current density in response to 20-mV voltage steps from Ϫ100 to ϩ100 mV before (initial) and after AA treatment in pHUSMC and HEK293-hTREK-1 cells. *P Ͻ 0.05. Insets: representative whole cell current traces before and after AA treatment. Fig. 4 . Intracellular acidification by 90 mM NaHCO3 activates a TEA-insensitive K ϩ current in pHUSMC and HEK293-hTREK-1 cells. A: time course of whole cell voltage-clamp recording at ϩ80 and Ϫ80 mV showing reversible activation of TEA-insensitive outward current after exchange of 90 mM NaCl for 90 mM NaHCO3 in bath solution to cause intracellular acidification in pHUSMC and HEK293-hTREK-1 cells. B: mean current density in response to 20-mV voltage steps from Ϫ100 to ϩ100 mV before (NaCl) and after NaHCO3 treatment in pHUSMC and HEK293-hTREK-1 cells. *P Ͻ 0.05. Insets: representative whole cell current traces before and after NaHCO3 treatment. Currents in pHUSMC and HEK293-hTREK-1 cells resulting from intracellular acidification by 90 mM NaHCO 3 or pH 6 pipette solution showed the following properties similar to those seen by activation with AA: outward rectification in physiological K ϩ , modest rectification in symmetrical K ϩ , time-dependent activation at more positive membrane potentials, lack of inactivation, and a flickering appearance. These data demonstrate the presence of a TEA-insensitive K ϩ current activated by intracellular acidification in pHUSMC and HEK293-hTREK-1 cells with properties as reported for TREK-1 and are consistent with TREK-1, and not TRAAK, channels as the primary K ϩ current carrier under these conditions.
Fluphenazine blocks TEA-insensitive K ϩ currents in pHUSMC and HEK293-hTREK-1 cells. The antipsychotic fluphenazine has been shown to block hTREK-1 and hTREK-2, but not hTRAAK, currents (60) . To test the ability of fluphenazine to block the TEA-insensitive K ϩ currents reported here, currents were activated with 10 M AA, a 90 mM NaHCO 3 bath, and pH 6 pipette solution. In each case, the current was allowed to fully activate, and then 10 M fluphenazine was applied in the continued presence of each agonist to observe blockade. Fluphenazine significantly blocked current stimulated by all three treatments (Fig. 6 ) in pHUSMC-and TREK-1-overexpressing HEK cells. Currents in pHUSMC at ϩ80 mV were reduced by 51.2 Ϯ 9.8% (n ϭ 6), 73.9 Ϯ 4.2% (n ϭ 5), and 75.6 Ϯ 4.0% (n ϭ 6) after activation by 10 M AA, 90 mM NaHCO 3 bath, and pH 6 pipette solution, respectively. Currents in HEK293-hTREK-1 cells at ϩ80 mV were reduced by 89.5 Ϯ 2.3% (n ϭ 3), 91.6 Ϯ 3.4% (n ϭ 3), and 89.8 Ϯ 2.2% (n ϭ 7) after activation by 10 M AA, 90 mM NaHCO 3 bath, and pH 6 pipette solution, respectively. The somewhat smaller block in the presence of AA in pHUSMC was likely due to the presence of a contaminating current that reversed at ϳ0 mV and sometimes developed in these experiments. Subsequent experiments were carried out in the presence of 100 M GdCl 3 and 100 M DIDS to reduce nonselective cation and Cl Ϫ currents, respectively. The fluphenazine-sensitive currents (Fig. 6, insets) for all three agonists showed outward rectification in physiological K ϩ and reversal potentials [Ϫ71.0 Ϯ 3.9 mV (n ϭ 6), Ϫ77.1 Ϯ 1.3 mV (n ϭ 5), and Ϫ67 Ϯ 7.6 mV (n ϭ 6) for AA-, NaHCO 3 -, and pH 6 pipette solution-activated currents, respectively, in pHUSMC] near that predicted for K ϩ (ca. Ϫ85 mV). HEK293-hTREK-1 cells showed similar fluphenazine-sensitive currents, with reversal potentials of Ϫ62.4 Ϯ 11.8 mV (n ϭ 3), Ϫ66.0 Ϯ 5.7 mV (n ϭ 6), and Ϫ63.2 Ϯ 12.4 mV (n ϭ 3) for AA-, NaHCO 3 -, and pH 6 pipette solutionactivated currents, respectively. These data show that the TEAinsensitive K ϩ currents activated in pHUSMC and HEK293-hTREK-1 cells by AA and intracellular acidification are significantly blocked by fluphenazine, a known blocker of TREK-1 channels (60). These findings are consistent with hTREK-1, and not hTRAAK, being the primary K ϩ current carrier under these conditions.
Extracellular acidification inhibits TEA-insensitive K ϩ current in pHUSMC and HEK293-hTREK-1 cells. Extracellular acidification has been shown to inhibit TREK-1 channels, in contrast to increasing TREK-2 channel activity (56) . To test the ability of external acidification to inhibit TEA-insensitive K ϩ currents in pHUSMC, outward currents were first activated by pH 6 pipette solution for ϳ10 min, and then the standard bath solution (pH 7.4) was exchanged for the same bath solution adjusted to pH 6. This resulted in a significant decrease in outward current (51.3 Ϯ 4.8% at ϩ80 mV, n ϭ 9; Fig. 7A ) in pHUSMC that showed a reversal potential in physiological K ϩ of Ϫ61 Ϯ 4.3 mV (n ϭ 9), indicating that it was largely carried by K ϩ (Fig. 7A) . A similar inhibition of pH 6 pipette solution-activated outward current by pH 6 bath solution was seen in HEK293-hTREK-1 cells (52.8 Ϯ 4.0% at ϩ80 mV; Fig. 7A) , with the pH 6 bath-sensitive current showing a reversal potential of 64.5 Ϯ 14.5 mV (n ϭ 4). These data show that the TEA-insensitive K ϩ current activated by intracellular acidification in pHUSMC and HEK293-hTREK-1 cells is inhibited by extracellular acidification and is consistent Fig. 5 . pH 6 pipette solution activates a TEA-insensitive K ϩ current. A: mean current density in response to 20-mV voltage steps from Ϫ100 to ϩ100 mV with pH 7.4 and pH 6 pipette solutions in pHUSMC and HEK293-hTREK-1 cells. *P Ͻ 0.05. B: representative whole cell current density traces in response to voltage ramps from ϩ80 to Ϫ80 mV shortly after gaining whole cell access (initial), after 10 min (activated), and after activation and switch to high-K ϩ bath solution (high K ϩ ). Insets: representative whole cell current traces in pH 6 and pH 7.4 solution.
with the hTREK-1, and not hTREK-2, channels being the primary K ϩ current carrier under these conditions. TREK-1 knockdown by siRNA in pHUSMC decreases TEAinsensitive K ϩ current activated by intracellular acidification. To directly assess the contribution of hTREK-1 to the TEAinsensitive K ϩ currents in pHUSMC in the current study, pHUSMC cell lines that stably expressed siRNA targeted to hTREK-1 or a scrambled siRNA as a control were generated. Whole cell current densities for each of these three cell types were measured in the presence of 2 mM TEA, 100 M DIDS, Fig. 6 . Fluphenazine block of TEA-insensitive K ϩ currents. A-C: mean current density in response to 20-mV voltage steps from Ϫ100 to ϩ100 mV before and after 10 M fluphenazine in pHUSMC and HEK293-hTREK-1 cells. Currents were first activated by AA (A), 90 mM NaHCO3 (B), or pH 6 pipette solution (C). *P Ͻ 0.05. Insets: representative whole cell current density traces in response to voltage ramps from ϩ80 to Ϫ80 mV of the fluphenazine-sensitive current (fully activated Ϫ fluphenazine-blocked). Fig. 7 . Extracellular acidification inhibits TEAinsensitive K ϩ currents in pHUSMC and HEK293-hTREK-1 cells, and siRNA knockdown of hTREK-1 reduces NaHCO3-activated current in pHUSMC. A: mean whole cell current density in response to 20-mV voltage steps from Ϫ100 to ϩ100 mV in pH 7.4 and pH 6 bath solution in pHUSMC and HEK293-hTREK-1 cells. *P Ͻ 0.05. Insets: representative whole cell current density traces in response to voltage ramps from ϩ80 to Ϫ80 mV of the pH 6 bath-sensitive current (fully activated Ϫ pH 6 bath-blocked). B: mean NaHCO3-activated (after NaHCO3 Ϫ before NaHCO3) current density in response to 20-mV voltage steps from Ϫ100 to ϩ100 mV in wild-type pHUSMC and pHUSMC stably expressing scrambled siRNA or hTREK-1-targeted siRNA. *P Ͻ 0.05, hTREK-1 siRNA vs. wt. and 100 M GdCl 3 in response to intracellular acidification by exchange of 90 mM NaHCO 3 for 90 mM NaCl in the bath solution (Fig. 7B ) in a manner concurrent with the data of Fig.  3 . The whole cell current density activated in response to NaHCO 3 (NaHCO 3 -activated Ϫ initial) was significantly reduced at all voltages measured positive to Ϫ60 mV in response to NaHCO 3 in hTREK-1 siRNA-expressing pHUSMC vs. wild-type pHUSMC (Fig. 7B) . The decrease of 71% in NaHCO 3 -activated current between wild-type and hTREK-1 siRNA-expressing pHUSMC measured at ϩ100 mV was similar to the 73% decrease in hTREK-1 protein expression between the same cell types. There were no significant differences between NaHCO 3 -activated current densities in scramble siRNA control pHUSMC and wild-type pHUSMC at any voltage measured. These data indicate that a significant portion of the outward current in pHUSMC activated in response to intracellular acidification was carried by hTREK-1 and could be reduced using interfering RNA.
Inside-out patch clamp of HEK293-hTREK-1 cells and pHUSMC shows similar currents not observed in wild-type HEK-293 (wt-HEK293) cells and stretch activation.
In addition to being activated by AA and intracellular acidification, TREK-1 channels are known to be activated by membrane stretch (53) . To test for the presence of stretch-activated, TEA-insensitive K ϩ channels in pHUSMC, inside-out patch recordings were made in the presence of TEA (2 mM), while negative pressure was applied to the membrane via pipette suction. In symmetrical high-K ϩ solutions (140:140 mM), the unitary conductance of TREK-1 has been reported to be 95-130 pS (25) . To measure and calculate the unitary conductance of the TEA-insensitive K ϩ channel in pHUSMC, inside-out recordings were made with GdCl 3 (100 M) and DIDS (100 M) in the pipette solution, 4-aminopyridine (5 mM) in the bath solution, and TEA (2 mM) in the bath and pipette solutions to minimize all potential contaminating currents. During the experiments, cells were held at 0, Ϫ20, ϩ20, Ϫ40, and ϩ40 mV for 30 s while undergoing 0-mmHg stretch; then negative pressure (Ϫ30 mmHg) was applied, and the cells were held at the same voltages. This experiment was also performed on wt-HEK293 cells to establish a baseline and HEK293-hTREK-1 cells for comparison with pHUSMC cells. While adopting the inside-out patch configuration, the pipette potential is equal in magnitude but opposite in polarity to the membrane potential for the channels being measured. Figure 8 , top, demonstrates a representative trace at each voltage for wt-HEK cells; in this cell type, there were no distinguishable currents (n ϭ 6). Figure 8 , middle, illustrates representative traces at each input voltage in HEK293-hTREK-1 cells (n ϭ 5); at 0 mmHg an increase in channel activity was observed compared with wt-HEK cells, but channel activity was significantly increased when negative pressure (Ϫ30 mmHg) was applied to the pipette. Because of the presence of symmetrical K ϩ , the current reversal potential of TREK-1 would be expected to be close to 0 mV. The channel activity for the inside-out patch HEK293-hTREK-1 cells exhibited no measurable activity at 0 mV and reversed polarity when the input voltage was changed from positive to negative values. Figure 8 , bottom, shows the representative channel activity (n ϭ 5) in the pHUSMC. The channels in HEK293-hTREK-1 cells and pHUSMC were very similar. In both cell types, a TEA-insensitive K ϩ current that reversed at ϳ0 mV in symmetrical K ϩ that was activated by stretch was observed. Calculation of the single-channel conductance for the channel in pHUSMC resulted in 119 pS, which is in the range of reported conductances for TREK-1. On the other hand, Ca 2ϩ -dependent K ϩ (BK) channels exhibit unitary conductances of ϳ250 -300 pS in symmetrical K ϩ (15), and delayed rectifying K ϩ channels exhibit conductances of Ͻ50 pS.
DISCUSSION
This work characterized in detail a TEA-insensitive K ϩ current in freshly isolated uterine smooth muscle myocytes, a stable human myometrial cell line, and HEK-293 cells stably transfected with hTREK-1. This current showed activation by AA, intracellular acidification, and membrane stretch, in addition to inhibition by extracellular acidification, treatment with the antipsychotic drug fluphenazine, or siRNA knockdown. Activated currents exhibited outward rectification in physiological K ϩ , modest rectification in symmetrical K ϩ , timedependent activation at more positive membrane potentials, a lack of inactivation, and a flickering appearance. These properties are consistent with those previously reported for TREK-1 (45, 48, 56, 60) and channels in mouse myometrium (55) . These data illustrate the functional presence of TREK-1 K ϩ channels and currents in smooth muscle cells isolated from pregnant human myometrium.
The TREK-1 channel shows current rectification that is largely dependent on the concentration gradient for K ϩ across the cell membrane, as predicted by the Goldman-HodgkinKatz current equation (32) , in which current is carried more effectively from the side of the membrane with higher K ϩ concentration. This was seen in the present study, as evidenced by the significant reduction in rectification upon switching from physiological to symmetrical K ϩ gradients (Figs. 3B and 5B). This indicates that the TEA-insensitive K ϩ current found here in pHUSMC shows properties of a "leak"-type K ϩ channel, despite some voltage-dependent gating, as previously described for TREK-1 (8, 41, 53) . These channels could thus be expected to be similarly active across the range of membrane potentials experienced by a uterine smooth muscle cell in vivo. TREK-1 channels typically show little basal activity (49) , but activation of these channels by stimuli such as stretch, pH changes, or AA (14, 41, 45, 53) would result in a tendency to shift cell membrane potential toward the equilibrium potential for K ϩ from essentially any membrane potential experienced by uterine smooth muscle cells. This would decrease excitability by helping return a depolarized cell to a more negative resting potential and by helping maintain a resting cell near the K ϩ equilibrium potential. The result would be a reduction in the activity of voltage-gated (particularly Na ϩ and Ca 2ϩ ) channels that lead to uterine smooth muscle contraction (12, 58) , primarily through Ca 2ϩ entry through L-type Ca 2ϩ channels (65) .
The activity of the TREK-1 channel has been shown to be regulated by numerous factors, including AA, pH, stretch, phosphorylation, nitric oxide, temperature, and others (20, (22) (23) (24) 57 ). Here we provide provocative evidence that pregnancy regulates the channel, such that cells from nonpregnant women do not activate when stimulated by AA, despite expression of the channel (13), albeit at a lower level than during pregnancy. Although the nature of this regulation in the native myocyte has not been explained, it provides an intriguing question. Because of the polymodal control of TREK-1 activity, the channel is ideally suited for a role in regulating contractility of human myometrium over the many changes present during the course of human pregnancy. Changes in many of the factors that regulate TREK-1 channel activity, such as membrane stretch, AA, pH, nitric oxide, and others, could be experienced by uterine smooth muscle cells during pregnancy (3, 21, 38) . Myocyte signaling domains may be acidic on the basis of their construction (4) . Relative acidification at the myocyte membrane activating TREK-1 during gestation would be consistent with hyperpolarization of the membrane and decreased uterine activity. An abundance of AA in pregnant myometrium (21) also would signal TREK-1 activation. In addition, the physical stretch of the myometrium itself through pregnancy is also a likely activator of TREK-1 channels (53). Increases in intracellular Ca 2ϩ and resting membrane potential have been shown to inhibit TREK-1 channels (23, 57) and to take place over the course of pregnancy (51) .
A complex interplay of these and other factors could be important for proper regulation of TREK-1 K ϩ channels during pregnancy. If these stimuli combine to increase activity of TREK-1 K ϩ channels, this would tend to decrease contractile activity, even in the face of increasing tension on uterine smooth muscle cells. Conversely, if the balance of these factors combined to decrease TREK-1 K ϩ activity, this would tend to shift the uterus away from quiescence and toward labor. The proper coordination of these regulatory factors and the appropriate TREK-1 response could thus be of critical importance in appropriate maintenance of uterine quiescence during pregnancy.
In addition to factors that could alter the activity of TREK-1 channels already discussed, recently published data show that the expression of TREK-1 protein is higher in pregnant than nonpregnant myometrium in human (13) and mouse (55) . Ovariectomized mice also demonstrated a decrease in TREK-1 expression compared with wild-type mice (55) . Interestingly, TREK-1 expression was reduced in full-term and preterm laboring vs. nonlaboring human myometrium (13) , consistent with the notion that TREK-1 contributes to myometrial quiescence during gestation. Membrane stretch has also been shown to increase TREK-1 expression in mouse cardiac muscle (68) . TREK-1 expression changes in myometrium are consistent with a role for TREK-1 in maintaining quiescence during pregnancy, with upregulation potentially contributing to maintenance of uterine quiescence and downregulation contributing to the critical transition from quiescent to laboring myome-trium. In addition, because the TREK-1 channel is assembled as a dimer and may even form multimers (16) , the differing expression of TREK-1 variants and even coexpression of variants with wild-type TREK-1 could have a significant impact on uterine excitability (66) . Indeed, a dominant-negative, nonconducting splice variant of TREK-1 isolated from mouse brain was recently reported to decrease wild-type TREK-1 expression and currents when coexpressed in tsA201 cells (63) . It is possible that a similar mechanism could take place in human myometrium, decreasing or eliminating TREK-1 K ϩ currents and shifting the balance from quiescent toward laboring tissue. The properly controlled expression of TREK-1 could be an important parameter in regulation of uterine quiescence during pregnancy.
Given the significant impact of preterm birth, it is of critical importance that a clear understanding of mechanisms regulating uterine quiescence and potential dysregulation be developed. Here we demonstrate the functional presence of the two-pore K ϩ channel TREK-1 in human myometrial cells. This work and our recent genetic studies in preterm laboring patients (66) have opened a new opportunity for investigation into maintenance of uterine quiescence. Further investigation is needed to define the specific role of TREK-1 channel expression and activity in proper regulation of myometrial quiescence during pregnancy and to determine the potential role of dysregulation of this current in the premature transition of pregnant uterus from the quiescent to the laboring state. 
